We studied the effects of a-adrenergic receptor stimulation and calcium on automaticity of isolated canine Purkinje fibers during simulated ischemia and reperfusion. Ischemia included acidosis (pH 6.7), hypoxia (Po2=10-25 mm Hg), hyperkalemia (10 mM K'), and either normal or elevated [Ca2+], (2.7 or 10.8 mM). Control automatic rate and maximum diastolic potential were 18±2 beats/min and -94 1 mV, respectively. Simulated ischemia led to depolarization (to -60+ 1 mV), cessation of normal automaticity, and in 21% of fibers, bursts of an abnormal automatic rhythm. Phenylephrine, 5 X 10`M, increased the incidence of the automatic rhythm during ischemia to 44%; this efrect was blocked by prazosin but not by propranolol. During reperfusion after simulated ischemia at 2.7 mM [Ca2+]L, automatic rhythm and maximum diastolic potential returned toward control values; after simulated ischemia at 10.8 mM [Ca2+1L, automatic rates were greater than those seen after normal Ca2+ ischemia and were associated with sustained membrane depolarization. Phenylephrine (5x 10-8 M) at 2.7 mM [Ca2+]0 rapidly restored membrane potential during reperfusion, an effect that was blocked by prazosin. At 10.8 mM [Ca2+10, phenylephrine also restored membrane potential during reperfusion and blunted the increase in reperfusion rate induced by high [Ca211L alone. These effects were blocked by propranolol but not by prazosin. Our results show that the effects of phenylephrine on automatic rhythms during simulated ischemia are blocked by a-adrenergic receptor antagonists and that rhythms occurring during reperfusion have a0-and P -adrenergic receptor components. (Circulation 1988;78:1495-1502 as -Adrenergic receptor stimulation induces ventricular ectopy after ischemia and reperifusion in the in situ feline heart.1 This contrasts with results obtained from isolated canine Purkinje fibers, in which a1-adrenergic receptor stimulation usually reduces automatic rate.2 These contrasting results may be explained by the fact that in depolarized Purkinje fibers a,-stimulation may fail to decrease or may actually increase automaticity.34 It is known, as well, that al-receptor agonists can induce delayed afterdepolarizations and triggered activity in the presence of elevated [Ca21]05 and that isolated Purkinje fibers subjected to ischemia and reperfusion can show delayed afterdepolarizations and triggered activity, presumably secondary to increased [Ca2+]1.6 We hypothesized, therefore, that in the setting of simulated ischemia, and possibly as a result of membrane depolarization, the effect of a1-adrenergic receptor stimulation might change from primary inhibition of automaticity to primary excitation, thereby inducing ectopic activity. We also asked whether triggered activity, as well as increased automaticity, might be induced by a1-adrenergic receptor stimulation during simulated ischemia.
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We studied the effects of a-adrenergic receptor stimulation and calcium on automaticity of isolated canine Purkinje fibers during simulated ischemia and reperfusion. Ischemia included acidosis (pH 6.7), hypoxia (Po2=10-25 mm Hg), hyperkalemia (10 mM K'), and either normal or elevated [Ca2+], (2.7 or 10.8 mM). Control automatic rate and maximum diastolic potential were 18±2 beats/min and -94 1 mV, respectively. Simulated ischemia led to depolarization (to -60+ 1 mV), cessation of normal automaticity, and in 21% of fibers, bursts of an abnormal automatic rhythm. Phenylephrine, 5 X 10`M, increased the incidence of the automatic rhythm during ischemia to 44%; this efrect was blocked by prazosin but not by propranolol. During reperfusion after simulated ischemia at 2.7 mM [Ca2+]L, automatic rhythm and maximum diastolic potential returned toward control values; after simulated ischemia at 10.8 mM [Ca2+1L, automatic rates were greater than those seen after normal Ca2+ ischemia and were associated with sustained membrane depolarization. Phenylephrine (5x 10-8 M) at 2.7 mM [Ca2+]0 rapidly restored membrane potential during reperfusion, an effect that was blocked by prazosin. At 10.8 mM [Ca2+10, phenylephrine also restored membrane potential during reperfusion and blunted the increase in reperfusion rate induced by high [Ca211L alone. These effects were blocked by propranolol but not by prazosin. Our results show that the effects of phenylephrine on automatic rhythms during simulated ischemia are blocked by a-adrenergic receptor antagonists and that rhythms occurring during reperfusion have a0-and P -adrenergic receptor components. (Circulation 1988; 78:1495 -1502 as -Adrenergic receptor stimulation induces ventricular ectopy after ischemia and reperifusion in the in situ feline heart.1 This contrasts with results obtained from isolated canine Purkinje fibers, in which a1-adrenergic receptor stimulation usually reduces automatic rate.2 These contrasting results may be explained by the fact that in depolarized Purkinje fibers a,-stimulation may fail to decrease or may actually increase automaticity.34 It is known, as well, that al-receptor agonists can induce delayed afterdepolarizations and triggered activity in the presence of elevated
[Ca21]05 and that isolated Purkinje fibers subjected to ischemia and reperfusion can show delayed afterdepolarizations and triggered activity, presumably secondary to increased [Ca2+]1.6 We hypothesized, therefore, that in the setting of simulated ischemia, and possibly as a result of membrane depolarization, the effect of a1-adrenergic receptor stimulation might change from primary inhibition of automaticity to primary excitation, thereby inducing ectopic activity. We also asked whether triggered activity, as well as increased automaticity, might be induced by a1-adrenergic receptor stimulation during simulated ischemia.
Materials and Methods General
We anesthetized adult mongrel dogs with 30 mg/kg i.v. pentobarbital sodium. We removed the heart through a right lateral thoracotomy and immersed it in cold Tyrode's solution, equilibrated with 95% 02-5% CO2 and containing (mM): NaCI 131, NaHCO3 18, CaCl2 2.7, MgC12 0.5, NaH2PO4 1.8, dextrose 5.5, and KCI 2.7. We excised Purkinje fiber bundles from the right and left ventricles, mounted them in a Lucite chamber, and superfused them with Tyrode's solution warmed to 370 C. Solutions were pumped through the chamber at a rate of 12 ml/min, changing chamber content three FIGURE 1 times each minute in both the control and the ischemic settings. The chamber temperature was 36.5-37.5°C, and pH during nonischemic periods was approximately 7.3. We impaled the fibers with 3M KCl-filled glass capillary microelectrodes having tip resistances of 10-20 Mf. These were coupled by a Ag-AgCl junction to a preamplifier with high-input impedance and input capacity neutralization. We displayed the transmembrane action potentials on an oscilloscope and a strip chart recorder and made photographs on Polaroid film for subsequent analysis. The tissue chamber was connected to ground through a 3M KCl-Ag-AgCl junction, and the system was calibrated as described previously.2
In those experiments requiring stimulated preparations, we used standard techniques to deliver square-wave pulses 0.8-1.0 seconds in duration and 1.5 x threshold via bipolar Teflon-coated silver electrodes.7 In all fibers, we measured spontaneous rate, maximum diastolic potential, activation voltage, and action potential overshoot. 2 We used a Corning Model 158 Blood Gas Analyzer (Corning, New York) to determine pH, Pco2, and Po2 of the superfusate.
Protocols Figure 1 summarizes the basic protocol. After equilibrating the fibers in control Tyrode's solution, we superfused them with two solutions modified to mimic some of the components of an ischemic environment.89 The components we varied were [K+]o, [HCO3-]o, and [Ca2%]0. One "ischemic" solution contained (mM) CaCl2 2.7, NaCl 137, NaHCO3 5, NaH2PO4 1.8, KCI 10, MgCl2 0.5, and dextrose 5.5. The elevation of [K+1O to 10 mM was based on the work of Hill and Gettes.9 In the second "ischemic" solution, all components were identical to the first, except that CaCI2 was increased to 10.8 mM, and NaCl was reduced to 129 mM. In both solutions, reduction of [HCO3 ] to 5 mM reduced pH to approximately 6.7 (in the presence of 5% C02). We equilibrated the "ischemic" solutions with 95% N2-5% CO2 in delivery bottles and bubbled the N2-CO2 mixture directly into a gas equilibration chamber immediately proximal to the tissue bath. In addition, we maintained a constant gas flow across the surface of the superfusate in the tissue bath. The superfusate delivery system was isolated completely from room air, and we made all connecting tubes of glass to minimize the gas exchange.
Moreover, the tissue bath, itself, was covered (around the electrodes) throughout the experiment. In this way, we could maintain bath Po2 at 10-25 mm Hg for the duration of the ischemic period. This was tested by sampling the bath Tyrode's solution at intervals during simulated ischemia. We maintained ischemia for 45-60 minutes in each experiment and subsequently reperfused the chamber with a solution identical to the control solution.
We superimposed three pharmacological protocols on the basic control, simulated ischemia, and reperfusion sequence ( Figure 2 ). In two groups of fibers (one subjected to normal calcium and one to high calcium simulated ischemia), we added 5 x 10 8 M phenylephrine to the control solution and continued it throughout simulated ischemia and reperfusion. In two additional groups (one normal and one high calcium simulated ischemia), we used 5 x 108 M phenylephrine and 1 x 10 6 M prazosin throughout the protocol. In another two groups, we substituted 2x 10 ' M propranolol for prazosin. In all, we used eight protocols including the drug-free controls, with six to eight fibers for each protocol. We selected 5 x 108 M phenylephrine as our final concentration of a-adrenergic receptor agonist because our previous studies had led us to expect that nearly all adult fibers studied in control Tyrode's solution would show an a -adrenergic receptor effect on automaticity or maximum diastolic potential or both.2, 10 1 In addition, preliminary studies of doseresponse relations led us to select this concentration. Specifically, we studied nine fibers in Tyrode's ischemia, we performed 10-minute superfusions of 5x10-9, 5x18, 5x10-7, and 1x10`6 M phenylephrine. Because our ultimate protocol called for long periods of superfusion, we elected to continue using one phenylephrine concentration, rather than all. The concentrations of prazosin and propranolol selected were the highest that have no effect, alone, on automaticity or on the transmembrane potential. 10 We also studied electrically stimulated Purkinje fibers to determine the interactions of a -adrenergic receptor stimulation and ischemia and reperfusion on the transmembrane potential, delayed afterdepolarizations, and triggered activity. We drove the preparations at a basic cycle length of 800 msec. During each phase of the protocol (i.e., control, simulated ischemia, and reperfusion), we interrupted the basic drive cycle for 30 seconds to observe delayed afterdepolarizations or triggered activity or both. We then stimulated the preparations at cycle lengths of 500 and 300 msec (15-20 beats/cycle) and interrupted the drive for 30 seconds before returning to the basic drive cycle of 800 msec. We performed three simulated ischemia and reperfusion protocols with three or four fibers for each protocol in this fashion. These included high calcium simulated ischemia, alone; normal calcium simulated ischemia with 5 x 10-8 phenylephrine; and high calcium simulated ischemia with 5x 10`8 M phenylephrine.
Statistical Analysis
We used analysis of variance for repeated measures to determine the effects of simulated ischemia and reperfusion, alone or coupled with pharmacological interventions on spontaneous rate. Where significance was found, we performed post hoc comparisons among groups with the method of Scheffe. 12 We determined differences between simulated ischemia protocols with a nested analysis of variance. 12 Significance was determined at the 0.05 level, and data are expressed as mean+SEM. Figure 3 shows the effects of simulated ischemia and reperfusion on an automatic Purkinje fiber. During control, in this and all experiments, the automatic rhythm was regular, and membrane poten- Recording shows a Purkinje fiber that had normal membrane potential and regular automatic rhythm during the control period. Superfusion with "ischemic" Tyrode's solution led to depolarization and loss ofnormal automaticity. Normal rhythm and membrane potential returned during reperfusion. Interval between left and right panels in upper trace is 25 minutes. tial was high. Superfusion with "ischemic" Tyrode's solution led to depolarization of the membrane and cessation of automaticity within 8-10 minutes of initial exposure to the solution. Upon reperfusion with control Tyrode's solution, the membrane returned to its control maximum diastolic potential and to a regular automatic rhythm. For all fibers studied (n=62), action potential variables during the control period were: rate is 18±2 beats/min, maximum diastolic potential is -94+1 mV, activation voltage is -83+2 mV, and overshoot is 38±1 mV. During simulated ischemia, the membrane potential was -60±1 mV. The maximum diastolic potential during reperfusion varied with the type of simulated ischemia (i.e., high or low calcium) and the pharmacological interventions. In the low calcium setting, there was a return toward control membrane potentials and automaticity during reperfusion. In the high calcium setting, the effects of simulated ischemia were irreversible. This is discussed below.
Results

Effects of Simulated Ischemia and Reperfusion on Automatic Rate
Simulated ischemia during superfusion with low calcium and high calcium solutions had similar effects on automaticity during the "ischemic" period and different effects during reperfusion ( Figure 4 ). The initial automatic rates in both solutions did not differ (p>0.05). At 2.7 mM [Ca2`]0, rhythmic automaticity ceased during simulated ischemia (although, as shall be described subsequently, irregular activity occurred in a subset of fibers). On reperfusion, automaticity returned to a value not significantly different from control. At 10.8 mM [Ca2]0, rhythmic automaticity again ceased during simulated ischemia. However, there was a significantly faster automatic rate during reperfusion in this group than in the 2.7 mM [Ca2']0 group. These differences are probably explained by the differences in membrane potential in both groups. Whereas membrane potentials were significantly reduced during both low and high calcium simulated ischemia, they recovered to control levels during reperfusion in the former but not the latter group ( ). This effect of phenylephrine was not modified by prazosin but was blocked by propranolol ( Figure 5B ). At 2.7 mM [Ca>2]0, phenylephrine did not modify the depolarization of membrane potential that occurred during simulated ischemia (Table 1, line  2) . However, maximum diastolic potential hyperpolarized to its initial control value faster during reperfusion in the presence of phenylephrine than had occurred in control fibers (compare Table l , line 2 with line 1). This effect was attenuated by prazosin but not by propranolol ( trast to the maintenance of depolarized membrane potentials in the control setting. This effect of phenylephrine on maximum diastolic potential at high calcium was blocked by propranolol but not by prazosin.
The data presented thus far indicate that rhythmic automatic activity ceased during simulated ischemia in the presence or absence of phenylephrine. Of note, however, is that in 21% of fibers, intermittent bursts of activity occurred during the simulated ischemia period (Table 2 and Figure 6 ). There was no significant difference in the membrane potentials of fibers that were quiescent and those showing ectopic activity. During the presence of 5 x 10 8 M phenylephrine, in either 2.7 or 10.8 mM [Ca>]0, the incidence of bursts of activity during simulated ischemia increased to 44%. The addition of I X 10 6 M prazosin, abolished all such activity at both Concentration of phenylephrine is 5x 10-8 M; prazosin is lx 10-6 M; propranolol is 2x 10-7 M. *p<0.05 compared with control. Changes from control to simulated ischemia resulted in membrane depolarization that did not differ significantly among the various subgroups. concentrations of calcium. had no effect.
In contrast, propranolol
As demonstrated in Figure 6 , in some instances of ectopic activity, oscillations occurred during phase 4 whose appearance was like that of delayed afterdepolarizations. The ectopic rhythms were selfinitiating and not triggered with respect to their onset. Nonetheless, it was possible that triggered activity might play a role in their maintenance. To determine whether this was the case, we studied 11 additional fiber bundles (three at 10.8 mM [Ca2`], alone, four at 10.8 mM [Ca']0 with phenylephrine, and four at 2.7 mM [Ca2l,] with phenylephrine).
These were subjected to simulated ischemia in the presence of phenylephrine and driven as described in the "Materials and Methods." Delayed afterdepolarizations were not seen in any preparation. Moreover, on cessation of drive, there were no triggered rhythms. A similar pattern was seen during reperfusion of the 11 fiber bundles, as well, with the exception that delayed afterdepolarizations occurred in one of the three preparations at high calcium.
CONTROL ISCHEMIA J2OmV 10 sec | VK . K 10 1 sTesc sec sec sec Discussion Transient occlusion of a coronary artery frequently leads to arrhythmias during the ischemic period and during reperfusion.6,13-15 The occurrence and severity of those arrhythmias is influenced by a-and ,-adrenergic receptor stimu-lation16-18 and by the calcium overload that occurs in ischemic myocardium.1920 We used an in vitro model of ischemia and reperfusion to investigate the influence of a-adrenergic receptor stimulation with phenylephrine and calcium on automaticity of isolated canine Purkinje fibers. We found several significant results: 1) At 2.7 and 10.8 mM [Ca2]0, 5 x 10-8 M phenylephrine increased the incidence of bursts of ectopic activity during simulated ischemia. This effect was blocked by prazosin but not by propranolol. The ectopic activity during simulated ischemia was automatic and not triggered. 2) If calcium was elevated during simulated ischemia, enhanced automaticity at a low membrane potential occurred during reperfusion. 3) At 10.8 mM [Ca2,10, phenylephrine did not reduce automaticity during reperfusion (compared with control with low calcium), but it did prevent the increased automaticity seen with high calcium alone and restored membrane potential during reperfusion to control. These effects were blocked by propranolol but not by prazosin.
Our experiments on simulated ischemia emphasize the role played by a1-adrenergic receptor mechanisms here. We varied calcium and superfused phenylephrine in these experiments because each of these variables has been shown to influence arrhyth- enhanced automaticity,192526 augmented depolarization of the membrane,27 and slowed conduction secondary to impaired cell-to-cell coupling. 28, 29 Delayed afterdepolarizations were observed infrequently during ischemia, and the incidence of ectopic activity was not greater at 10.8 than at 2.7 mM [Ca24]0. Nonetheless, the membrane depolarization that occurred in the high calcium condition persisted throughout the reperfusion period, a phenomenon that could importantly modify conduction and impulse initiation in its own right. The frequency of occurrence of bursts of activity during simulated ischemia was augmented by phenylephrine and attenuated by a,-receptor but not by X3-receptor blockade. This is consistent with the studies of Sheridan et all in which a -adrenergic receptor blockade decreased ventricular ectopy during coronary occlusion. Kimura et a15 suggested that a-receptor stimulation may contribute to arrhythmias during ischemia because a-receptor stimulation increased delayed afterdepolarizations and triggered activity in Purkinje fibers exposed to high calcium. However, in our study, a-adrenergic receptor-induced ectopic rhythms during simulated ischemia usually were automatic and not triggered; moreover, 5 x 10-8 M phenylephrine did not induce delayed afterdepolarizations in eight driven Purkinje fibers. A possible explanation for the dilference in the results of Kimura et als is that they were studying fully polarized fibers. In addition, both our study and recent work from others24,30 suggest that in the setting of hypoxia or ischemia or both, where the membrane is depolarized, delayed afterdepolarizations tend not to be seen.
Although the predominant rhythm seen in our experiments on simulated ischemia was automatic, it is important to stress that other mechanisms did supervene. As shown in Figure 6 , both early and delayed afterdepolarizations were demonstrable, and it is likely that under appropriate circumstances either could contribute to arrhythmogenesis. The basis for the a-adrenergic receptor enhancement of automaticity during simulated ischemia may be explained by an action on gK. Shah et a131 and Gadsby and Glitsch32 have shown that a1-receptor stimulation decreases gK and that the current involved is probably iK,. Imoto et a133 studied fibers depolarized with Ba2`and determined that, here, too, the voltage and time-dependent block of iK, was responsible for automaticity. Although iKI tends to decrease in magnitude at depolarized potentials, the results of Imoto et a133 suggest that a-receptormediated effects on iK1 may be sufficient to induce pacemaker activity here.
There is another effect of a-receptor stimulation that increases Na-K pump current and thus would tend to decrease automaticity.31 However, this effect is probably not operative during ischemia because the Na-K pump appears to be inhibited at this time.34-36 If a-adrenergic receptor stimulation of pump current is lacking in ischemia, this would leave the effect on gK unopposed and would facilitate the a -adrenergic receptor augmentation of ectopic activity.
Our studies of a-adrenergic receptor effects on automaticity during simulated ischemia show results that differ from those of Mugelli et al. 37 They used an "ischemic' solution to study sheep Purkinje fibers and found an increase in automaticity during ischemia and reperfusion that was blocked by yohimbine but not prazosin. This led them to suggest the effect was due to a2 rather than a1-adrenergic receptor stimulation. However, there are important differences in the methods of the two studies. Mugelli et a137 used sheep Purkinje fibers; we studied canine. The P02 in their studies was 50 mm Hg; in ours, it was less than 20 mm Hg. Finally, the maximum diastolic potential was not depolarized in their study, which is in marked contrast to our own.
Our experiments on reperfusion demonstrated complex electrophysiological derangements that were modified by variations in calcium and by aand,3-adrenergic receptor interventions. Reperfusion after simulated ischemia at 2.7 mM [Ca2+]0 resulted in a return toward control values of automaticity and membrane potential; increased calcium during simulated ischemia led to sustained depolarization during reperfusion and significantly higher automatic rates than were observed after simulated ischemia alone. This difference in automatic rates at the two concentrations of calcium most likely reflects the different ionic mechanisms that control automaticity at high (if pacemaker current) and low (ix) membrane potentials.38,39 Increased calcium influx has been shown to exacerbate reperfusion-induced arrhythmias, and calciumdependent mechanisms can induce the electrophysiological consequences discussed above. 19 In our studies, the sustained depolarization and increased automaticity seen after exposure to high calcium during simulated ischemia substantiate the arrhythmogenic role of calcium. For example, Kimura et a114 found that superfusion with verapamil or calciumfree solution before and throughout simulated ischemia and reperfusion in isolated cat myocardium attenuates reperfusion-induced rapid ventricular rhythms. Rapid rhythms during reperfusion have been attributed, in part, to delayed afterdepolarizations. 6 We observed delayed afterdepolarizations during reperfusion after high calcium ischemia in one of three driven fibers, suggesting that this mechanism may have contributed to the rhythms we observed. However, the fibers usually remained depolarized during reperfusion after simulated ischemia in the presence of high calcium, and enhanced automaticity was the predominant mechanism seen. At 2.7 mM [Ca2]0, phenylephrine elicited a rapid return to control membrane potential. The effects of phenylephrine on maximum diastolic potential were blocked by prazosin but not propranolol. The demonstration of an a-adrenergic receptor hyperpolarization of the membrane during reperfusion is explic-able based on the effect of phenylephrine to stimulate Na-K pump current. 31 When calcium was increased, phenylephrine again restored membrane potential during reperfusion and decreased the rapid automatic rates seen in the presence of high calcium, alone. However, these effects of phenylephrine were blocked by propranolol but not by prazosin.
Hence, in the setting of high calcium, the aladrenergic receptor effect of phenylephrine is attenuated, and its fl-adrenergic receptor actions appear to be emphasized. Moreover, it appears that the f3-adrenergic receptor effect both hyperpolarizes the membrane and reduces automaticity. Falk and Cohen40 and Desilet and Baumgarten41 have shown that,-adrenergic receptor stimulation stimulates Na-K pump current, an action that may explain this hyperpolarization, which in its own right could provide a basis for the reduction in automaticity. Another explanation for the hyperpolarization is based on the observation that calcium reuptake by the sarcoplasmic reticulum is facilitated by 3adrenergic receptor agonists. It is conceivable that ,B-adrenergic receptor agonist would accelerate the return of cytosolic calcium to normal levels during the recovery from simulated ischemia of quiescent, depolarized fibers. This sequence of events, in turn, could return the membrane potential to a higher level.
Our results do not shed light on the basis for the ,8-adrenergic receptor effect of phenylephrine during reperfusion. Certainly, phenylephrine has both /3and a-adrenergic receptor actions.42 Studies of both receptor subtypes and their coupling to their effector pathways under the conditions produced in our experiments will be necessary if this question is to be answered adequately. Moreover, in considering the role of the a -adrenergic receptors, the occurrence of increases in receptor number during ischemial '5,16 and the accumulation of long-chain acylcarnitines43 must be considered. These events, especially in the setting of elevated [Ca2l]0, would tend to induce an increase in free [Ca2"]j, which is likely to modulate importantly the cellular electrophysiological responses described.
